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Abstract. In this article, we report emergence of topological phase in XMR material
TmSb under hydrostatic pressure using first principles calculations. We find that
TmSb, a topologically trivial semimetal, undergoes a topological phase transition with
band inversion at X point without breaking any symmetry under a hydrostatic pressure
of 12 GPa. At 15 GPa, it again becomes topologically trivial with band inversion at Γ
as well as X point. We find that the pressures corresponding to the topological phase
transitions are far below the pressure corresponding to structural phase transition at
25.5 GPa. The reentrant behaviour of topological quantum phase with hydrostatic
pressure would help in finding a correlation between topology and XMR effect through
experiments.
Submitted to: J. Phys.: Condens. Matter
1. Introduction
Recently, the family of rare earth monopnictides LnX (where, Ln is a rare earth el-
ement and X = As, Sb, Bi) have attracted great attention in the scientific commu-
nity [1–13] because of having remarkable signatures of extremely large magnetoresistance
(XMR) [3–5,7,9,10] and superconductivity [1,8]. Some LnX compounds like LaBi, CeBi,
2etc. [12–14] are observed to possess protected surface states in analogy with topologi-
cal insulators [15, 16]. XMR is also observed in other non-trivial topological materials
like WTe2, Bi2Te3, TaAs, etc. [17–21]. Till now, the origin of XMR has been proposed
through several mechanisms, for example perfect electron-hole compensation [18,22–25]
and topological protection [26, 27]. Further, the role of electron-hole compensation in
explaining XMR is already understood by two-band model, in which compensation be-
tween electron and hole concentration leads to unsaturated quadratic behavior of MR,
resulting in its dependence on the mobility of charge carriers [18, 22–25]. However, the
role of topology in explaining XMR is still not well established. In many recent reports,
it is observed that topological protection suppresses backscattering at zero magnetic
field and the application of external magnetic field breaks the topological protection,
resulting in XMR [26, 27]. But, there are many LnX compounds like LaSb, YSb, etc.,
which do not have topological protection still possess XMR [25, 28, 29]. Therefore, it
is of great interest to explore a topologically trivial XMR material, which can become
topologically non-trivial by increasing the strength of spin-orbit coupling (SOC), and
may help in finding out a relation between topology and XMR effect. It is already known
that the strength of SOC can be increased by applying pressure or strain or by chem-
ical doping or alloying composition [30–37], amongst which external pressure is highly
desirable tool as it does not affect the charge neutrality of the system.
Recent experimental reports have shown XMR in TmSb, which is topologically
trivial semi-metal [38]. In addition, TmSb is isostructural to LaSb/ LaAs, which are
reported to undergo a topological phase transition under hydrostatic pressure [39, 40].
It motivated us to investigate a topological phase in TmSb as a function of pressure.
Further, LaSb and LaAs are found to undergo only a single topological quantum phase
transition with pressure [39, 40]. However, we observed two topological quantum phase
transitions in TmSb under hydrostatic pressure, where it first becomes topologically
non-trivial from trivial phase and again becomes topologically trivial from non-trivial
phase within a pressure of 15 GPa. Therefore, the studies may help better in finding a
correlation between topology and XMR effect through experiments.
2. Computational details
First principles calculations are performed within the framework of density functional
theory (DFT) with projected augmented wave (PAW) formalism [41] as implemented
in VASP [42]. Generalized gradient approximation (GGA) of Perdew-Burke-Ernzehrof
(PBE) [43] as well as hybrid functionals (HSE06) [44,45] are used to include exchange-
correlations. The cut-off energy of 300 eV is used for electronic band structure calcula-
tions. The sampling of the Brillouin zone (BZ) is done using k-mesh of size 11×11×11.
The enthalpy of the system is calculated using GGA, under the hydrostatic pressure of
0-30 GPa, while band structure calculations are performed from 0-16 GPa. The system
3is simulated by variable cell relaxation under different applied pressures. The dynami-
cal stability of the system under various pressures is confirmed by performing phonon
dispersion calculations using PHONOPY code [46]. Band structure calculations are per-
formed including the effect of spin-orbit coupling (SOC) after obtaining the crystal
structure at different applied pressures. Z2 topological invariant is calculated by Kane
and Mele criterion [47, 48].
3. Results and discussions
To investigate a topological phase as a function of pressure in TmSb, we first checked
stability of the crystal structure under pressures of 0-30 GPa. At ambient pressure,
TmSb has NaCl-type rocksalt structure having space group Fm3¯m (225) with Tm atom
at the origin (0, 0, 0) and Sb atom at (0.5, 0.5, 0.5) (figure 1), which transforms into
CsCl-type structure at higher pressure [49]. The optimized lattice constant for TmSb
at ambient pressure is found to be 6.131 A˚, which is in agreement with the previous
reports (table 1).
Table 1: Comparison of lattice constant with the other reports
Material PBE LSDA+U Expt.
TmSb 6.131 6.055 [49] 6.105 [50]
In order to ensure the structural phase transition (SPT), we calculated the en-
thalpies of both the crystal structures from pressures of 0-30 GPa [figure 1(c)]. At a
given pressure, the structure having lower enthalpy, H = E+PV (where E = total en-
ergy, P = external pressure, and V = volume of the unit cell) would have more stability.
At ambient pressure, the enthalpy of NaCl-type structure of TmSb is lower than that
of CsCl-type structure [figure 1(c)], indicating that former structure is more stable.
On increasing pressure, the enthalpies of both the structures increases gradually and a
crossover is observed at 25.5 GPa, which is called as transition pressure (PT ). It indi-
cates that CsCl-type structure becomes more stable above 25.5 GPa, which is in close
agreement with the earlier report [49]. Further, the change in relative volume of TmSb
is plotted as a function of hydrostatic pressure (Figure 1(d)). The abrupt change in
volume at pressure PT = 25.5 GPa, indicates a first-order phase transition, which cor-
respond to a change in the crystal symmetry [49]. Moreover, the dynamical stability is
confirmed by plotting its phonon dispersion spectrum under different applied pressures
(supplementary material).
For the investigation of topological phase in TmSb under hydrostatic pressure, first
we calculated its band structure at ambient pressure using GGA and HSE06 functionals
4Figure 1: (a) NaCl-type rocksalt crystal structure and (b) CsCl-type crystal structure
of TmSb. Blue spheres represent Sb atom, while red spheres represent Tm atom. (c)
Enthalpy as a function of pressure for NaCl and CsCl-type structures, (d) A change in
the relative volume as a function of pressure in TmSb
including the SOC effect. Band structure is plotted along the high symmetry points in
the BZ, i.e., L to Γ, Γ to X, and X to W, where we have excluded other high symmetry
time-reversal variant points of K (0.375, 0.75, 0.375) and U (0.25, 0.625, 0.625), since
we are interested only in topological phase transitions. Band structure plots for TmSb
with SOC using GGA and HSE06 functionals are shown in figure 2.
It can be seen from the figure 2 that valence band and conduction band near the
Fermi level mainly have contributions from p-orbitals of Sb (shown by blue spheres)
and d -orbitals of Tm (shown by red spheres) atoms, respectively, and a finite overlap
is observed between the two using both GGA and HSE06 functionals. From its corre-
sponding DOS plot (supplementary material), it is found to be semi-metallic, which is
in agreement with the previous experimental reports [38]. Further, no band inversion
is found in their band structures calculated using both PBE and HSE06 functionals,
5Figure 2: Band structures of TmSb including SOC effect using (a) PBE and (b)
HSE06 functionals. Blue spheres show the contribution of p-orbitals of Sb atom and
red spheres show the contribution of d -orbitals of Tm atom to the bands near the
Fermi level.
indicating that it is topologically trivial at ambient pressure [38]. It is to be noted that
valence band maxima and conduction band minima almost touch at Γ as well as X
point in the band structures calculated using PBE functionals, while there is a finite
gap between the bands at both Γ as well as X point using HSE06 functionals. Since,
an increase in pressure may lead to unphysical prediction of band inversion in case of
band structures calculated using PBE functionals [51], therefore we have used HSE06
functionals for our subsequent band structures calculations.
In order to explore topological phase in TmSb under pressure, we calculated its
band structures from 0 to 16 GPa using HSE06 functionals including the SOC effect. To
check non-trivial topological phase as a function of hydrostatic pressures, band inversion
is checked at all the time-reversal invariant momenta (TRIM) points. Band inversion is
found to be absent from 0 to 11 GPa. However, on increasing the pressure from 12-14
GPa, single band inversion is found at X point; but from 15 GPa onwards, two band
inversions are observed at Γ as well as X point. It is to be noted that both of the pres-
sures corresponding to topological quantum phase transitions are far below the pressure
of SPT at 25.5 GPa (figure 1). Band structure plots for TmSb at 12 GPa and 15 GPa
are shown in figure 3.
It is observed that at ambient pressure, the valence band at X point mainly has
a contribution from the p-orbitals of Sb atom, while the conduction band mainly has
a contribution from the d -orbitals of Tm atom. However, at X point a small contri-
bution from d -orbitals of Tm atom and p-orbitals of Sb atom arise in the valence and
conduction band, respectively, at 12 GPa, indicating a band inversion and the system
becomes topologically non-trivial. At 15 GPa, two band inversions are observed at Γ as
well as X point (figure 3). Even number of band inversions may correspond to either
weak topological phase or topologically trivial phase [47, 48].
6Figure 3: Band structures of TmSb using HSE06 functionals including SOC effect at
pressure (a) 12 GPa and (b) 15 GPa. Blue spheres show the contribution of p-orbitals
of Sb atom and red spheres show the contribution of d -orbitals of Tm atom near the
Fermi level.
In order to further ensure the topological phase of TmSb under hydrostatic pressure,
we calculated their Z2 topological invariants as suggested by Kane and Mele [47,48]. For
an inversion symmetric system in three dimensions, there exists four Z2-invariants, i.e.,
(ν0: ν1, ν2, ν3), and the value of ν0 can be determined by the equation
(−1)ν0 =
∏
i
δi (1)
where
∏
i
δi denotes the product of the parities of all the filled bands at all TRIM
points. In the three-dimensional BZ, there exists eight TRIM points. The value of first
topological index ν0 = 1 corresponds to a strong topological phase and ν0 = 0 corre-
sponds to either a weak topological phase or trivial insulator, which can be determined
by the value of other three indices (ν1, ν2, ν3). The detailed parities of all the filled
bands of TmSb at ambient pressure, 12 GPa, and 15 GPa are shown in table 2, 3, and
4, respectively.
7Table 2: Parities of all the filled bands at all the TRIM points in BZ at ambient pressure.
Band No. L L L L Γ X X X Total
1 - - - - - - - - +
3 - - - - - - - - +
5 - - - - - - - - +
7 - - - - + + + + +
9 + + + + - - - - +
11 + + + + - - - - +
13 + + + + - - - - +
Total + + + + + + + + (+)
Table 3: Parities of all the filled bands at all the TRIM points in BZ at 12 GPa.
Band No. L L L L Γ X X X Total
1 - - - - - - - - +
3 - - - - - - - - +
5 - - - - - - - - +
7 - - - - + + + + +
9 + + + + - - - - +
11 + + + + - - - - +
13 + + + + - + + + -
Total + + + + + - - - (-)
Table 4: Parities of all the filled bands at all the TRIM points in BZ at 15 GPa.
Band No. L L L L Γ X X X Total
1 - - - - - - - - +
3 - - - - - - - - +
5 - - - - - - - - +
7 - - - - + + + + +
9 + + + + - - - - +
11 + + + + - - - - +
13 + + + + + + + + +
Total + + + + - - - - (+)
Since, there is no band inversion at ambient pressure, and its first Z2 index (ν0) cal-
culated from equation (1) turns out to be zero, indicates that it is topologically trivial.
At 12 GPa, band inversion at X point is observed and ν0 becomes 1, which indicates
8a topologically non-trivial phase. At 15 GPa, two band inversions are observed at Γ as
well as X points, turning ν0 to zero. The change in the value of ν0 from 1 to 0 shows
that the system is converted either into a weak topological phase or topologically trivial
phase. In order to ensure the topological phase at 15 GPa, we calculated the other three
topological indices (ν1, ν2, ν3), which comes out to be (0, 0, 0) as the parity at four L
and three X points are the same (table 4). It shows that the system has again become
topologically trivial at 15 GPa. The value of the first Z2 topological index as a function
of pressure is plotted in figure 4.
Figure 4: First Z2 topological index (ν0) as a function of pressure in TmSb.
It is to be noted that with increase in pressure, an overlap between the valence and
conduction band of TmSb increases, and would lead to an increase in the carrier con-
centration. Since XMR depends upon carrier concentration and mobility of the charge
carriers, therefore evolution of mobility with pressure can only give the exact evolution
of XMR as a function of pressure, which can only be explored in experiments. Conse-
quently, the study of topological phase transitions in TmSb as a function of pressure
provides a promising platform to investigate the role of topology in XMR effect.
94. Summary
On the basis of first principles calculations, it is summarised that XMR material TmSb
undergoes a topological phase transition from trivial to non-trivial under a hydrostatic
pressure of 12 GPa. On further increasing the pressure, it again becomes topologically
trivial at 15 GPa. The studies indicate a reentrant topological quantum phase transi-
tions in TmSb as a function of hydrostatic pressure, which may help to understand the
correlation between topology and XMR effect through experiments.
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